The relationship between visuospatial ability and perceptual motor [10] [11] [12] [13] It is also possible that difficulty in tracing a partially occluded stimulus arises from an inability to forecast the trajectory of the pathway, although PD patients and controls were equally able to judge the putative intersection of a short line and a horizontal baseline. '4 This was true whether the trajectory was direct or reflected from a rebound surface. Until these negative findings have been replicated, it is fair to state that this question is not resolved.
We therefore administered a sawtooth tracing task to PD patients and controls matched for age and education, in ical evidence of stroke, other neurodegenerative disease or frank visual problems (for example, field cut or diplopia) were excluded. All patients scored less than 2 on the Mentation item of the Columbia University Parkinson's Disease Rating Scale; a score of 2 or more indicates dementia. '8 The control group consisted of twelve normal volunteers recruited from the local community and matched with the PD patients for age and education. Mean age for the controls was 72-08 (6&34) years and mean years of education was 14-08 (2 19) . No controls had any neurological condition at the time of testing and none were taking medications which affect the CNS. All patients and controls were right handed. To compare the groups for overall intellectual function, all subjects were administered the modified Mini-Mental Status Examination (MMSE'921). Mean total MMSE score was 50-21 (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) for the PD patients and 50-25 (4.22) for the controls.
Materials and procedure
The following tests were administered to all subjects: 1) The Benton Line Orientation test22 was given according to standard instructions, where subjects were required to choose two lines from a multiple array of lines with the same angle and orientation as two target lines.
2) A test of directional forecast was adapted from Della Sala et al'4 for use with pencil and paper. During this test, subjects were presented with stimuli in black ink on white paper, secured to a firm surface. The test consisted of two tasks. For Task A, the stimuli consisted of a horizontal baseline 19 cm long at the bottom of the page, and a 3 cm line at the top of the page at an angle of either 5, 10, 15, 20, 25 or 30 degrees from vertical. This shorter line was located near either the left or right upper corner and projected down towards the horizontal baseline. Subjects were required to imagine this short line extending to the bottom of the page and to mark, as accurately as possible with a pencil, its projected intersection with the horizontal baseline. Each 5°a ngle was presented on both the left and right side of the paper, so that a total of 12 trials were given. The order of the six angle sizes and their right/left orientation was counterbalanced. For Task B, a similar horizontal baseline was presented near the bottom of the paper. However, a short line, identical in length to the one in Task A, was also located near the bottom and projected to the top of the paper, where a horizontal "rebound" surface was located. Subjects were asked to imagine the short line extending up to the rebound surface, reflecting away at the same angle and returning back to the lower baseline. They were then required to mark this final intersection, as in Task A. Two analogies ("like a beam of light striking a mirror/like a billiard ball bouncing off the side") were given to clarify the task requirement. Twelve trials were administered, as in Task A. Angle size, order of angle and right/left orientation were counterbalanced. For each trial, absolute and relative deviation (mm) from the true intersection was measured. For the latter, the deviation was given a sign according to whether the mark was within the true intersection and the side of the paper closest to the short line (negative), or between the true intersection and the opposite side of the paper (positive). No time limit was imposed for this test. 3) A tracing task, adapted from Stern et al2 for pencil and paper use, was administered. Subjects were required to trace, using a pencil, over a sawtooth design printed in black ink on white paper (see fig 1 , Path 1, shown reduced to one-half the size of the original).
All subjects used their dominant hand (all were right handed) and were instructed to trace over the printed line with a pencil as accurately as possible. They were required to trace from right to left, from the beginning to the end of the line and were told not to lift the pencil from the paper, to make the movement as smooth and as continuous as possible and to thus refrain from stopping at any point once the tracing had started. No time-limit was imposed, however. When this tracing was complete, Path 1 was removed and, without previous waming, Path 2 was introduced. This consisted of the same figure, except that one segment (the left upper angle) was deleted. Subjects were given the following instructions: "Here is the same figure that you just traced, but as you can see, a piece has now been removed (examiner indicates by pointing). I want you to trace over the figure as if it were complete, that is, as if it was the same as the first one and that missing piece was not removed." These instructions were elaborated if the subject was unclear about the task, but under no circumstances did the examiner mime the sequence of movements. Just as before, subjects were instructed to trace from right to left, to not lift the pencil from the paper and to make the movement as smooth and as continuous as possible. Finally, and again without prior knowledge, Path 3 was administered. In this path, two contiguous angles were deleted (see fig 2, Path 3 ). Instructions were as follows: "Here is the same figure once again, but now a bigger piece has been removed. Just like before, I want you to trace over the figure as if it were complete, that is, like it was in the first figure, with nothing removed." Subjects were again reminded about tracing from left to right and not removing the pencil from the paper. Each path was administered once only and always in this same order.
A scoring system was developed, where individual points were awarded for particular features of the tracings. This is summarised in table 1. For Paths 2 and 3, points were scored for tracing the basic form of the figure ("formr" points). These points were designed to capture two basic requirements of the task. Because the task assessed the ability to trace the figure in the absence of visual guidance, only angles formed between two freehand lines (that is, lines within an occluded space) There was no significant difference between groups with the Benton Line Orientation test (ANCOVA' 25d.f.). On the Directional Forecast test, there was a steady increase in the magnitude of the deviation as angle size increased. Possible group differences in the trend of these curves were tested, using MANCOVA for polynomial trend analysis, with group as the between-groups factor, absolute deviation for each angle size as the within-subject factor (6 levels) and age, education and MMSE score as covariates. A highly significant angle effect was found for both tasks (T2 = 3-71, p < 0001 and T' = 5-86, p < 0001, respectively), at both the linear and quadratic levels. However, neither the group effect nor the group x angle interaction were significant for these tasks. Results were essentially unchanged when deviation with respect to the left and right of the true target was analysed instead of absolute deviation.
The F ratio for the total tracing score approached significance (F = 3 79, p = 0 065). While the F ratio for Path 2 subtotal was nonsignificant, that for Path 3 was significant (F = 5 00, p = 0-036), with PD patients achieving a lower score than controls. To investigate the contributions to this difference, form subscores were analysed separately. Only 2 form points were possible for Path 2. One subject from each group lost a single form point when tracing this path. A total of 4 form points were possible for Path 3. However, no subjects scored 0 or 1 or 3 points when tracing this path. Form points for Path 3 were therefore divided into low (poor performance) and high (perfect score). Six patients were located in the low category, compared with only 1 control, whereas all remaining controls (11), but only 8 patients, were located in the high category (Chi square = 3-91, p = 0048). These analyses indicate that patients had difficulty in tracing a design, but only when 2 consecutive turns were deleted. Furthermore, poor performance in patients arose specifically from an inability to execute the basic form of the design.
Inspection of the subjects' tracings revealed that patients and controls made qualitatively different form errors during Path 3. The one control who made form errors generated extra angles, whereas all 6 patients who made form errors failed to reproduce at least one missing angle. These are shown in fig 2 (reduced by 65% of the original size).
The relationship of performance on the 3 visuospatial tests to the MMSE (representing global intellectual function) was then investigated. For PD patients, a moderate positive Control correlation was found between the total score for the tracing task and the MMSE score (r = 0 54, p = 0-046). For controls, the MMSE score correlated positively with the Benton Line score (r = 062, p = 0032), although not with the tracing task. Performance on the Benton Line test was inversely related to error size on the directional forecast test for controls (r = -058, p = 0 048), but not for patients. Patient 1 Finally, no significant correlations were found between motor severity (total extrapyramidal score on the CUPDRS) and any of the three visuospatial tests for PD patients, although a negative correlation between motor severity and the total Benton Line score approached significance (r = -057, p = 0068; motor scores were unavailable for 3 patients). at tracing a partially occluded sawtooth path than controls matched for age, education and general intellectual function. Tracing performance was similar for both groups when one angle of the sawtooth was removed. PD patients, however, made significantly more errors than controls when two consecutive Patient 3 angles were obscured. When tracing perfor- Patient 3 mance was analysed in detail, PD patients had significantly greater difficulty than controls in generating the basic form of the figure (number of turns and their direction with respect to the horizontal midline). These results confirm those found by Stern et al.2 3 In addition, our study demonstrates that these tracing difficulties were unlikely to arise from impaired visuoperceptual function, since the performance of patients on the Patient 4 Benton Line-Orientation test and on the directional forecast test was no worse than that of controls. Also, no significant correlation was found between these perceptual tasks and tracing performance in patients. These tracing difficulties cannot be attributed to loss of fine motor control; patients were no worse than controls in generating the movements necessary to draw at least one complete turn (Path 2). Conversely, tracing performance in PD patients did correlate with Patient 5 the MMSE. We suggest that these tracing dif-/.,-\ |ficulties arise from a breakdown in higherorder motor control. As patients and controls were matched for general intellectual function, this impairment is selective and does not merely result from reduced global cognitive function. What is the nature of this impairment?
The ability to perform tracing tasks such as the one used here depends on at least three 
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Angle within a 1 cm radius of targetr.. 5 Angle within a 0 5 cm radius of targetr.. 6 Angle within a 0-2 cm radius of targetr.. 7 Angle [25] [26] [27] raising the possibility that they experience difficulty in judging similarities and differences between self-produced drawings and model stimuli on which they are based (whether present externally or via internal representation). However, the evidence for a visual matching deficit in PD is highly equivocal; Boller et a16 found no difference between patients and controls on several matching tasks where no motor output was required. Also, the figure to be traced in our experiment was relatively simple and repetitive in form. In contrast, the matching stimuli employed above25 26 were complex and may have caused difficulties in switching attention between various attributes. For memory, the second process identified above, it is possible that PD patients were unable to develop an internal model of the stimulus. If so, it may be that when external visual guidance was withheld, either declarative memory for the form of the complete figure or procedural memory for the movement sequence was insufficient to enable the occluded parts of the figure to be generated. Evidence regarding declarative visual memory in non-demented PDs is controversial, however, with some studies showing impairment6 11 25 27-29 and others showing no difference between patients and controls.62425303 Some of the tests showing impairment, however, required patients to draw6 [27] [28] [29] (see below) and that when visual recall scores in one study were adjusted for impairment in copying ability, differences between patients and controls in the recall score were abolished.24 Over half of the patients in one study6 were also taking anticholinergic medication. The status of procedural memory in PD is also equivocal; studies have demonstrated intact pursuit rotor learning in mild and/or non-demented patients,34-36 although evidence for preserved predictive tracking of irregular movement paths is more controversial. In summary, it seems unlikely that perceptual and memory problems play a major causal role in the higher-order tracing difficulties found here and elsewhere. There are, however, comnpelling reasons to anticipate difficulties with process 3-the interface between visual processing and/or representation of a stimulus and translation into action. Several studies have shown that PD patients are impaired in constructional tasks that require a complete figure to be copied2 3 24 29 3040 (thereby eliminating dependence on visual memory). Consistent with these findings, PD patients were unable to rotate a pair of rods to match the angle of a pair they had previously inspected or palpated,41 even though several studies (and our results) have shown passive judgement of line orientation to be intact in patients. What factors might underlie this constructional difficulty?
One contributing factor may be purely sensory; previous studies show that PD patients have abnormal proprioception,41 raising the possibility that they have difficulty in judging whether a motor command has been correctly executed. This would shed light on the apparent dependence shown by patients on visual guidance in the our experiment, as the latter presumably compensate for impaired movements resulting from abnormal afferent feedback. However, the generation of symbolic gestures,'0 common motor sequences,27 simple movements (such as those required for the production of simple speech sounds)44 and the miming of object use to verbal command (that is, without visual guidance)'0 are unimpaired in PD (although this is not a uniform finding),45 suggesting that overlearning may provide protection against this source of error.
A second factor is that PD patients are impaired in switching repetitive motor sequences,46 implying that they might have difficulty in changing direction at each angle of the sawtooth figure. This is an unlikely candidate in the present case, however, since difficulty with motor switching would impair the generation of any angle. Yet patients had no difficulty in tracing the pathway when a single angle was occluded.
Third, the role of external guidance leads to a consideration of perceptual motor dysfunction,2' that is, difficulty in coordinating motor and perceptual activities necessary to perform constructional tasks. Results from our study indicate that PD patients can use external guidance while tracing a stimulus, provided the tracing is superimposed over (that is, contiguous with) the stimulus. However, with many visuomotor tasks, the visual stimulus and the required movement are spatially disconnected and when this occurs, PD patients show difficulties. This is the case with freehand copying of a stimulus (see above), when the generation of movements or movement sequences is required in response to previous visual information (whether information is given in the form of cueing,44 symbolic representation8 or demonstration) 45 and during occlusion of a stimulus during tracing, as in our experiment. Once spatial disconnection between the visual stimulus and the required movement occurs, some degree of planning is required to translate information processed from that stimulus to movement. Here lies the probable locus of perceptual motor dysfunction. We therefore suggest that difficulties in these tasks represent a common failure in PD patients to use sensory information accurately to plan and execute complex and/or new movements.
